The wide public sees solar energy as the future of mankind, and media channels quite oftenly states that our challenge is to improve efficiencies and reduce cost. However, one may point some unconvenient truth's about the physical limits we are facing, that are barely discussed by the public or even by scientists and institutions that are strongly biased towards a picture of a sustainable oil free energy in the future. In this work we discuss some of those physical limits of photovoltaics based on the principle of the Hubbert's theory for the oil peak, evidencing that much of the research is focused on photovoltaic efficiencies and this parameter is widely overestimated: better efficiencies oftenly are the result of complex technologies that are expensive and not scalable. In this context, if fossil fuels proved not replaceable, it is very likely that our socioeconomic ideas based in the past will not withstand an energy transition to high cost and low quality sources.
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I. IMPROVING PHOTOVOLTAICS
A quick search in the Web Of Science for "photovoltaic efficiencies" provides us an insight of how much research is being carried on this subject, or is at least related to it. This data is shown in figure 1 , where in the inset we can see the cumulative photovoltaic (PV) power in the world. As one can see, the same exponential behavior is observed in both curves. However, despite growth records of PV's in the world, forecasts from the Intergovernmental Panel on Climate Change (IPCC), the Energy Information Administration (EIA) or from companies such as the British Petroleum (BP) still give a picture of a future based mainly on oil and natural gas. * marcosbelancon@utfpr.edu.br Some will say that the potential of solar energy is being underestimated [1] .
Many different dreams about our sustainable energy future are being discussed [2, 3] . Thousands of researchers are trying to improve solar energy to electricity conversion today; about 14 articles are being published everyday covering from development of new PV's [4, 5] until spectral converters [6] and solar thermal devices [7, 8] . A handful of different PV technologies are already very competitive in terms of efficiency [9, 10] , however, as it is indicated in figure 1 our community is worried in further improvements.
II. THE ROLE OF ENERGY-CONVERSION EFFICIENCIES
The unconvenient truth is that PV efficiencies may not help our energy transition. Looking for example to the National Renewable Energy Laboratory (NREL) efficiency chart for PV's, one may see that the Silicon technology widely dominant in the market today is almost 30 years old. By this way one may interprete that, except by improvements in production techniques, Silicon PV's are still the same. When scientists have developed a new PV technology in the last few decades, even though some energy conversion records were broken, it has produced no net effect in our hability to produce solar energy. Some technologies, such as CdTe PV's are competitive today, however the dependende of scarse minerals makes impossible to scale up the production as much as we need.
Even more interesting is to have a look in the NREL PV System Cost Benchmark [11] where they modeled the impact of module energy-conversion efficiency (η) on total system costs. While authors oftenly interpret that improve η is "probably the key" [12] to reduce costs, the NREL model, even considering the optimistic assumption of reach η = 60% by the same price of today's modules, does not project a strong reduction in the to- This data should not be miss interpreted: higher η itself is desirable, however, if we aim an approach towards global scale applications of PV's, one may not neglect the scale.
Two centuries ago, the economist Jean-Baptiste Say [13] assumed that the scale of our consumption was so small that natural resources would last forever. This assumption, that natural resources are not produced or consumed is the basis of his work. It is remarkable that this aproximation made by Say has worked by so much time, however, everyone should consider that since his time we multiplied the population several times and the energy consumption per capita even more.
Many natural resources are now being consumed, such as oil and gas; many others are being diluted, such as Silver, Copper and every single element mined on earth. Mining or recycling less concentrated ores consumes more energy, what is a consequence of the laws of thermodynamics. Modern economies worldwide are not considering the implications that today's reality is imposing to us, and it does not matter if we peak up a liberalist or communist one; the economic theories behind will always consider that the market will find another resource once the first one is exhausted.
III. WHY SCALE MATTERS?
Even though PV's cumulative capacity growth may be interpreted as astoshing or promising, one should take care to make a fair comparison between the facts and our expectations. To give some perspective, in figure 2 we have the variation of US crude oil production in each decade since the 1880's.
From the begining of the oil exploration until the peak of conventional oil production in the 1970's the producion has grown pretty fast. Between 1900 and 1929 the production was multiplied by a factor of 15. And then, after the peak in the 1970's, oil imports contributed to install a chronic debt in the trade balance of the country with the world. Even though the US had already known non-conventional oil and gas sources, the market has choose to buy the cheaper conventional alternative in Venezuela and Midde-east.
It is important to pay attention to some facts in this history. When the cumulative capacity is very low it is common to have growth rates of two or even three digits. In 1900 the US oil production has grown at rates similar to those predicted for the photovoltaics in the coming decade. The other lesson from the US oil peak is that consequences of such event may be huge and difficult to predict, economically and politically.
Hubbert predicted in 1956 [14] the decline of oil production in US and 15 years after the history proved him to be right. Hubbert's theory can not be applied to solar energy, however, it may be more or less applied to all the raw material we need to build the PV's. By this way, we should take a look in the real scale of supply, demand and raw material consumption for solar energy. Figure 3 shows a plot of the added capacity (AC) in the last few years, from which we may found that it has grown more or less linearly.
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The challenge that PV's are facing is not only in reducing cost or improving efficiencies; neither is increase production capacity. The challenge is if AC can increase faster than linearly, or at least what slope is sustainable from the perspective of resources and cost. In the last few year the prices were pressured down mainly by overproduction in China, what put many companies in the west in a difficult situation.
On the perspective of available resources, the World Silver Survey 2017, from The Silver Institute, shows that in 2011 and in 2016 the PV's industry has consumed the same amouth of Silver, of about 75 million ounces, while the AC speed up by ∼ 3. This achievement is remarkable, however, as it shown in International Technology Roadmap For Photovoltaics 2017, it is not so clear that industry will continue to reduce Silver consumption per cell so fast as in the past. There are not much room for improvements when the technology is already mature, and Silver production is a concern [15, 16] .
The world PV's installed capacity is around 300 GWp today, which corresponds to an average of 60 GW of electricity. This is in the range of the the energy equivalent to the US oil production in the time of the first world war, which was less than 1 million barrels a day. These data discussed here supports the idea that even running far from the scale of mankind's needs, PV's are already facing finite resources constraints [17] .
After China dominated the PV's market, many companies in US, Europe and Japan lost value or even declared insolvency. To keep AC increasing while maintaining or reducing the prices the PV's industry needs to keep sharing more or less the same 75 million ounces of Silver they consumed last year. In other words, it is necessary to reduce the silver content [16] . From the materials perspective Copper may be used to replace Silver, however it does not have the same conductivity and chemical resistance. The assumption that we will use less materials, with lower quality but engineered in such way that will result in more efficient devices is too much optimistic and not scientific.
Back to the scale needed, even a conservative projection [18] considers an AC of PV's per year three times higher than today. While Silicon technology needs Silver, others are based on elements even more difficult to obtain, such as Cadmium, Tellurium, Indium, Gallium, Selenium or some combination of them. A few of those elements are byproduct mineral [19] [20] [21] and by this way the production of such CdTe, CIS or CIGS PV's is very unlikely to reach the Silicon PV's production scale [17] . If our best shot to produce solar electricity will be with the 30 years old single junction Silicon technology, we may reduce Silver consumption per cell further, what will enable AC to be increased by the "conservative" (or realistic) factor of three in the next decades.
IV. PRODUCTION CAPACITY IN THE FUTURE
To clarify this picture of how far we are from the "Hubbert's limits" the figure 4 show some very simple scenarios for PC of PV's. At left in the figure we can see the same data from figure 3, for the AC, as well the linear fit represented by the blue line. The slope for this curve is about 7 GWp/year. This is how much we are speeding up the addition of PV's in the world in the last 10 years, on average. If the slope surpasses the growing demand of PV's, we should have and excess suply that in will in turn make some companies to crash: a common market driven adjustment.
The three other lines in the figure 4 project what should be the slope if we aim to reach P C = 500 GWp in 2030, 2040 or 2050. This 500 GWp of PC should be enough to reach in a few decades about 12.5 TWp of installed capacity; which means something like 2.5 TW on average. This value is still a fraction of how much energy we consume worldwide but it is useful to provide a picture of the point discussed here. If PC keeps increasing at the present rate, we are not going to reach the 500 GWp before 2060. Even to reach this level in 2050 the slope needs to be increased to about 12 GWp/year. This means for example that, to avoid Silver constraints the industry should reduce its consumption per Wp in about 80% in 33 years. Even though this kind of reduction was achieved in the last ten years, it is not clear that such reduction can be achieved again without undesirable performance effects. And this is only one example.
The point here is that the question that should receive more attention from the community is if are all the pieces in the production chain of photovoltaics "free" to grow? Every time one constraint appear, the prices may not decrease, what can reduce demand and investment, compromising the PC growth. Our biggest challenge is than the scale of our needs and a quite short deadline.
V. SCALING UP PRODUCTION INSTEAD OF IMPROVING EFFICIENCIES
In a recent report from the HSBC Global Research [22] , Fustier et al made estimates that it is very likely that today's oil field will decline in production by more than 40 million barrels a day until 2040. To replace it, the non-conventional fossil fuels are already been extracted, mainly in Shale plays in US [23, 24] and oil sands in Canada.
Since 2008 the shale rush made the US Oil production increase from ∼ 5 to ∼ 9 million barrels a day, deviating from the Hubbert prediction made 70 years ago. 4 million barrels more per day is energy equivalent to much more than what PV's of the world can deliver today. However, this non-conventional oil source has its own problems: the decline production of individual Shale wells may be as fast as 50% in the first year. So, the Hubbert's peak for this non-conventional source is very likely to come faster than for conventional sources. By this way, the oil decline is very likely do impact the cost of our energy at the same time it may introduce a kind of deadline to perform a transition to renewables.
I wish PV's could be the alternative to replace conventional oil and gas. However, considering the prediction made by Fustier, to accomplish that we should multiply our installed PV's by a factor of about 40 until 2040, which should require a PC of 500 GWp on average from now on; which is clearly not feasible. Anyway, if such oil decline is going to happen, to replace it scientists working in the field should change their research focus.
Across the globe we are working in "photovoltaic efficiencies" as mentioned earlier, and it is very unlikely that such contributions will ever have some effect in our everyday lives. We should than focus on expanding the limits of the cumulative capacity, by increasing life span of PV's, reducing and eventually replacing scarse materials such as Silver and developing techniques that could make recycling PV's easier.
All of that could make possible to achieve a higher slope in PC growth; increase photovoltaic efficiences does not help pretty much towards this direction because we are already near the limits of single junction solar cell efficiencies. And we may add that it could be helpful for scientists and the public in general to think more broadly about the energy transition. If replace fossil fuels prove not to be possible in the coming decades, we may need to look to other options.
VI. OTHER OPTION?
The mankind's appetite for energy is huge and our institutions are also addicted to it. The IPCC has more specialists in economics than in ecology, and the prevalence of men and europeans is clear [25] . When scientists try to follow the biased view of this kind of institution to pursue grants and publications, science as a whole is in serious danger. The IPCC does not put all option in the table (and in the reports), because only perpetual growth of gross domestic product (GDP) are allowed to be present in the debate. A possible limit to the ideology of unlimited growth [25, 26] is not being considered, even though it could solve many aspects of our situation.
Once we are not near of solving our sustainability problem [27] , all the options should be present in the scientific debate promoted by institution such as the IPCC. That should include many aspects of the feasibility in the long term of our civilization as it is today. There are socioeconomic options that aim reduce consumption of resources and increase prosperity [28] , however, the institutions did not consider it seriously.
VII. CONCLUSION
If we choose to replace conventional by nonconventional fossil fuels, the overall cost of energy will rise. On the other hand, if we choose renewables, such as PV's, to reach the scale of our needs it is very likely that the overall cost of energy will rise, also.
While scientists are blindly wasting time following what may be proved as useless goals, they are also wasting intellectual resources that could be used to fix our civilization instead of, at maximum, create a new PV company to produce a few more GW's that may solve a tiny part of the problem. The tragedy of pursuing continuous growth of the energy supply is that the manutention costs of our civilization are growing together [29] ; and after the Hubbert's peak of the key resource we will face deplection while our manutention cost keeps rising. There are no high tech solution that will avoid this dilemma.
In the 1980's France has built [30] an impressive fleet of nuclear reactors, and even though Uranium production did not peaked, it did not avoid the problem that now the country needs to replace the nuclear reactors to keep the supply of energy. There are other hundreds of nuclear reactors facing the same critical point around the world.
So, the big question is: can we replace fossil fuels by PV's or other renewables without replace our socioeconomic status quo? Some scientists will answer that yes, of course. But these answers are about faith and not supported by scientific evidence.
